The paper presents the human thermal comfort inside a car cabin using three-dimensional numerical analysis and state of the art comfort models. Vehicular thermal comfort is a must concern factor in modern car manufacturing industries. Numerical simulations have been performed to accurately predict the temperature inside the car cabin and velocity of airflow. The numerical results are then compared using Fanger's model, the equivalent temperature model and the modified Fanger's model. A link has been developed using a general thermal comfort index for the considered human thermal comfort models. The general thermal comfort index takes into consideration all the investigated parameters that affect the vehicular thermal comfort thereby evaluating the whole car environment. The thermally comfortable conditions for the driver and passengers in a vehicular cabin are also addressed based on some of the thermal comfort indexes available in literature. In addition, the solar load has also been added using a surface radiation model to consider the environmental heat load effect on cabin thermal comfort.
Introduction
Numerical simulation techniques in the modern industry are of paramount significance in recent years because of reduced time, low experimental cost and reliable results. Vehicular thermal comfort is a highly concerned factor in modern cars since a comfortable thermal environment can influence energy consumption, driver's health and pollution regulation. Development in vehicular thermal comfort (VTC) along with a decrease in energy consumption is of prime focus in the design stage of an automotive vehicle. In this regard, assessment of heating, ventilation and air conditioning (HVAC) system performance is extensively conducted with the help of computational and simulation tools [1] . Various thermal comfort models and simulations tools are available in the literature [2] to evaluate the human thermal environment. However, parametric studies are needed to choose the best model to analyze the new models of airflow, thermal characteristics and indices. VTC is challenging because of the varying influence of solar load on indoor airflow and temperature distribution [3] . The cooling vent setting and velocity of inlet air also influence the air distribution, which eventually affects the temperature distribution in the cabin [4] . In this regard, the automotive industry has continually been facing confrontation for a comfortable and efficient thermal environment for all the occupants.
Since the earlier 19th, researchers and engineers are focused on environmental thermal comfort after Haldane [5] developed the concept of thermal comfort in buildings. Later in 1970, Fanger [6] developed the predicted mean vote (PMV) and predicted percentage dissatisfaction (PPD) indexes in influence of solar heat flux, which has not been presented earlier to the best of the authors' knowledge. By using the numerical simulation tools along with the general thermal comfort index, the time and cost needed for preliminary assessment of the thermal comfort of passenger cars will be reduced, which will ultimately benefit car manufacturers at the early design stages.
Materials and Methods

Governing Equations and Numerical Details
To compute the temperature and velocity fields inside the vehicle compartment, the commercial CFD code, ANSYS FLUENT [34] was used. The governing continuity, momentum and energy equations applied are described below; δρ δt + ∇·(ρu) = 0,
where, ρ = density, u = velocity, p = static pressure, g = gravitational forces, F = external body force and T = stress tensor, defined in Equation (3), respectively.
where, µ = dynamic viscosity and I = unit tensor.
Here, k e f f = effective conductivity and the second-order terms represent the volume dilation. Moreover, the standard k − ε turbulence model was used because of its good performance for indoor airflows and less computational cost [14] , described as;
where, G k = µ t ∇u. ∇u + ∇u T , C 1ε =1.44, C 2ε = 1.92, σ k = 1.0 and σ ε = 1.3, respectively. In addition to this, the solar load model embedded in the FLUENT was also considered. Since solar load is considered to be a key parameter while considering VTC [1] . The embedded model accounts for opaque as well as semi-transparent media while calculating direct and diffuse irradiations. It calculates the direction of the sun relative to the car cabin by specifying the time, date and location. Daegu, being the warmest region of South Korea, was selected. The ambient conditions for a typical summer day chosen for analysis are presented in Table 1 . The solar load model consists of a combination of a solar ray tracing algorithm and a radiation model named surface to surface (S2S). The solar ray tracing algorithm works as a source of heat. The location and magnitude of sun are specified using solar calculator with a vertically downward direction. The radiation model S2S accounts for internally scattered energy and was used to completely model the solar load. In the S2S model, data related to irradiative surfaces were computed in a file named the view-factor. Enabling this grouping of solar ray tracing and S2S provides a real case presentation.
The finite volume method was used to discretize the governing equations. Simulation conditions specified by Moon et al. [35] were used. The calculation results were validated through comparison with experimental and numerical data from [14] . The analysis was performed for cooling down conditions setting the front inlets to 0.03247 kg/s. The mass flow rate values applied at the front and central inlets are 0.02 and 0.03 kg/s, respectively. No-slip wall conditions were used at windshield wall surfaces, the floor of the cabin, seats and windows. Keeping in mind the summer season, a constant heat flux was assigned to human manikins with a value of 69.93 W/m 2 and 90.9 W/m 2 for passenger and driver, respectively. It should be noted that only the interior cabin temperature rose because solar radiations were considered. The cabin temperature was set to 46 • C initial temperate conditions while the cooling air inlets were at 25 • C. It was supposed that human manikins are wearing cotton shirts with half sleeves. The front side of vehicle was faced towards south such that the solar angle of incidence was 241.27 • azimuth and 77.63 • altitude for selected global position and time. Other simulation and boundary conditions are shown in Table 2 [36] . 
Passenger Compartment Model
A general car cabin (GCC) model with a driver and passenger manikin was analyzed using ANSYS [34] . All the key design parameters that can affect VTC were included comprising air-conditioning (A/C) inlet/outlet locations and windshield angle [35] . The driver and passenger manikin consists of 16 segments in the sitting posture as shown in Figures 1 and 2 . The interior volume of the rear section and glass surface area was approximately 2.276 m 3 and 2.65 m 2 . ICEM was used to generate an unstructured mesh. Triangular and tetrahedral shaped elements were created on the boundary and three-dimensional region. The general grid interface (GGI) was used to join the structured and unstructured mesh parts. Grid independence (GID) was performed for three mesh distributions, keeping in mind the computational time and cost. The three meshes consist of 2,800,000, 3,249,084 and 3,329,000 cells, respectively and resultant maximum velocity in driver's plan showed less than 0.4% difference for the two finer meshes, suggesting that the results were now grid independent for further increase in the number of cells and converged solution provides useful engineering results. The analysis was performed for cooling down conditions setting the front inlets to 0.03247 kg/s. The mass flow rate values applied at the front and central inlets are 0.02 and 0.03 kg/s, respectively. No-slip wall conditions were used at windshield wall surfaces, the floor of the cabin, seats and windows. Keeping in mind the summer season, a constant heat flux was assigned to human manikins with a value of 69.93 W/m 2 and 90.9 W/m 2 for passenger and driver, respectively. It should be noted that only the interior cabin temperature rose because solar radiations were considered. The cabin temperature was set to 46 °C initial temperate conditions while the cooling air inlets were at 25 °C . It was supposed that human manikins are wearing cotton shirts with half sleeves. The front side of vehicle was faced towards south such that the solar angle of incidence was 241.27° azimuth and 77.63° altitude for selected global position and time. Other simulation and boundary conditions are shown in Table 2 [36] . 
A general car cabin (GCC) model with a driver and passenger manikin was analyzed using ANSYS [34] . All the key design parameters that can affect VTC were included comprising airconditioning (A/C) inlet/outlet locations and windshield angle [35] . The driver and passenger manikin consists of 16 segments in the sitting posture as shown in Figures 1 and 2 . The interior volume of the rear section and glass surface area was approximately 2.276 m 3 and 2.65 m 2 . ICEM was used to generate an unstructured mesh. Triangular and tetrahedral shaped elements were created on the boundary and three-dimensional region. The general grid interface (GGI) was used to join the structured and unstructured mesh parts. Grid independence (GID) was performed for three mesh distributions, keeping in mind the computational time and cost. The three meshes consist of 2,800,000, 3,249,084 and 3,329,000 cells, respectively and resultant maximum velocity in driver's plan showed less than 0.4% difference for the two finer meshes, suggesting that the results were now grid independent for further increase in the number of cells and converged solution provides useful engineering results. 
Thermal Comfort Models
A thermally comfortable environment describes a specific temperature range where 80% of the people under observation feel comfortable [7] . Researchers have developed many mathematical models that predict thermal comfort through correlations for the heat exchange rate between the human body and the surroundings. The present work contributes by comparing the three different thermal comfort models based on CFD results; Fanger's model, the modified Fanger model and the equivalent temperature model and results were presented using the general thermal comfort index (GTCI). Fanger's model being presented by PMV and PPD is the most widely used model and it has also been included in ISO 7730 [28] . Fanger's thermal comfort model was initially developed for steady-state conditions, yet, it can be used for cabin thermal comfort evaluation with the assumption that: The PMV model predicts the thermal response of an extensive gathering of individuals experiencing similar environmental conditions. Keeping it just the same, in the mPMV model input parameters were slightly reformed with an aim that it possibly will provide a more accurate prediction for inhomogeneous environments like passenger car cabin. The PMV model evaluates the thermal environment using Equations (7) and (8) . 
While the modified Fanger's model works by using mean blood pressure instead of metabolic rate. It is claimed that this model solves the uncertainties involved in Fanger's model. According to ASHRAE standard 55, the average mean arterial pressure ( ) with activity level is presented graphically in Figure 3 
A thermally comfortable environment describes a specific temperature range where 80% of the people under observation feel comfortable [7] . Researchers have developed many mathematical models that predict thermal comfort through correlations for the heat exchange rate between the human body and the surroundings. The present work contributes by comparing the three different thermal comfort models based on CFD results; Fanger's model, the modified Fanger model and the equivalent temperature model and results were presented using the general thermal comfort index (GTCI). Fanger's model being presented by PMV and PPD is the most widely used model and it has also been included in ISO 7730 [28] . Fanger's thermal comfort model was initially developed for steady-state conditions, yet, it can be used for cabin thermal comfort evaluation with the assumption that: The PMV model predicts the thermal response of an extensive gathering of individuals experiencing similar environmental conditions. Keeping it just the same, in the mPMV model input parameters were slightly reformed with an aim that it possibly will provide a more accurate prediction for inhomogeneous environments like passenger car cabin. The PMV model evaluates the thermal environment using Equations (7) and (8).
While the modified Fanger's model works by using mean blood pressure instead of metabolic rate. It is claimed that this model solves the uncertainties involved in Fanger's model. According to ASHRAE standard 55, the average mean arterial pressure (MAP) with activity level is presented graphically in Figure 3 [30] . The modified model is expressed as: 
The mean arterial pressure (MAP) and activity level relation was developed based on experimental results as:
Activity Level = 0.1092 * exp (MAP * 0.0296) .
While all the other parameters described in Equations (7) and (8) 
While all the other parameters described in Equations (7) and (8) The convective heat transfer coefficient (ℎ ), clothing factor ( ), clothing surface temperature ( ) and mean radiant temperature (t r ) are solved using iterative process using Equations (11) 
The term in Equation (14) is the surface temperature of the surrounding surface j and F p−j is the view factor, which can be computed from the applied radiation model. The mean radiant temperature, defined in Equation (14), can be calculated from view factor and average temperature of surfaces that surround the subject under observation, with which it will exchange thermal radiations. According to the ASHRAE standard, the range of PMV values should be −0.5-0.5 with a PPD ≤ 10%, the mPMV method just differs in the calculation and the resultant range should be as per The convective heat transfer coefficient (h c ), clothing factor ( f cl ), clothing surface temperature (t cl ) and mean radiant temperature (t r ) are solved using iterative process using Equations (11)-(14) 
The term t j in Equation (14) is the surface temperature of the surrounding surface j and F p−j is the view factor, which can be computed from the applied radiation model. The mean radiant temperature, defined in Equation (14), can be calculated from view factor and average temperature of surfaces that surround the subject under observation, with which it will exchange thermal radiations. According to the ASHRAE standard, the range of PMV values should be −0.5-0.5 with a PPD ≤ 10%, the mPMV method just differs in the calculation and the resultant range should be as per the ASHRAE standards. The equivalent temperature model evaluates the thermal comfort for all the parts of the human body using Equation (14), when the air velocity inside the cabin is < 0.1 m/s; t eq = 0.5 * (t a + t r ). (15) For higher velocity values, Equation (16) is used;
Thermally comfortable conditions were achieved by highlighting the cold and hot zones using thermal comfort models. Graphically, computed resulted are presented on a scale from −3 to 3 with 3 as hot, 2 as warm and 1 as slightly warm. The comfort zone is bagged as zero ( Figure 4) , and −1, −2 and −3 represent slightly cool, cool and cold, respectively. the ASHRAE standards. The equivalent temperature model evaluates the thermal comfort for all the parts of the human body using Equation (14) , when the air velocity inside the cabin is < 0.1 m/s; = 0.5 * ( + ).
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Results and Discussion
The ASHRAE standard suggests pleasant air velocities to be 1 m/s [20] . Higher values can cause unwanted cooling of the sensitive areas of the body, i.e., neck, eyes and head. Figure 5 illustrates the validation of CFD results of the present study for the cooling down process. Figure 6 shows velocity streamlines in the compartment. The magnitude of air velocity around the driver and passenger was 0.3 m/s. A recirculation zone was observed at the rear seat region because of the deflection of the air as the front seats were obstructing the airflow from inlet vents. The portion of the air entering the legroom space of the front compartment from the rear seat along with airflow from inlet openings was deflected by the passenger's legs towards the face region, which is considered undesirable for passengers with breathing difficulties. The velocity fields for passenger and driver showed a nearly similar pattern as depicted in Figure 7 . 
The ASHRAE standard suggests pleasant air velocities to be 1 m/s [20] . Higher values can cause unwanted cooling of the sensitive areas of the body, i.e., neck, eyes and head. Figure 5 illustrates the validation of CFD results of the present study for the cooling down process. Figure 6 shows velocity streamlines in the compartment. The magnitude of air velocity around the driver and passenger was 0.3 m/s. A recirculation zone was observed at the rear seat region because of the deflection of the air as the front seats were obstructing the airflow from inlet vents. The portion of the air entering the legroom space of the front compartment from the rear seat along with airflow from inlet openings was deflected by the passenger's legs towards the face region, which is considered undesirable for passengers with breathing difficulties. The velocity fields for passenger and driver showed a nearly similar pattern as depicted in Figure 7 . 0.3 m/s. A recirculation zone was observed at the rear seat region because of the deflection of the air as the front seats were obstructing the airflow from inlet vents. The portion of the air entering the legroom space of the front compartment from the rear seat along with airflow from inlet openings was deflected by the passenger's legs towards the face region, which is considered undesirable for passengers with breathing difficulties. The velocity fields for passenger and driver showed a nearly similar pattern as depicted in Figure 7 . The air temperature in the cabin is an important factor affecting the comfortable conditions. The temperature range for a thermally comfortable environment is around 21-25.5 • C [20] . Considering the equivalent temperature conditions for human body parts, the allowable vertical temperature difference between the head and feet for the human body should be less than 3 • C. Figure 8 represents the local temperature for driver and passenger after 1200 s of simulation during the cooling down process. FLUENT embedded software for solar radiations works through conduction, advection and convection processes. Solar radiations heat up the external glass surface. The transmitted solar radiations heat up the interior surfaces.
value at the left side of the passenger was about 23.2 °C while the near foot was around 24 °C, predicting a comfortable environment around the passenger as per comfort conditions. Figure 9 illustrates the equivalent temperature plot for driver and passenger at different body parts. The dotted lines represent the temperature sensation limits for hot, cold or neutral feeling at different body parts. The difference in temperature values for the head and feet for the driver and passenger was 2 °C, which lies in the range of comfortable conditions. With the cooling down process, cooled air flowed from inlet vents and decreased the interior temperature through convection. Solar radiations affected the temperature distribution in the front and rear sections of the car cabin. It can be explained by attributing the solar radiations and recirculation zones. The recirculating airflow was useful in mixing the hot and cold air resulting in a uniform temperature, as shown in Figure 6 , with an air velocity value of 0.16 m/s. The air temperature value at the left side of the passenger was about 23.2 • C while the near foot was around 24 • C, predicting a comfortable environment around the passenger as per comfort conditions. Figure 9 illustrates the equivalent temperature plot for driver and passenger at different body parts. The dotted lines represent the temperature sensation limits for hot, cold or neutral feeling at different body parts. The difference in temperature values for the head and feet for the driver and passenger was 2 • C, which lies in the range of comfortable conditions. Energies 2020, 13, x FOR PEER REVIEW 10 of 14 Figure 9 . Equivalent temperature after 1800 s.
To calculate thermal comfort for the entire cabin area equivalent temperature evaluation, PMV, mPMV and PPD can be summed up using a general thermal comfort index. Environmental thermal satisfaction is computed by iteratively solving Fanger's model and the modified Fanger's model equations. The predicted results from each model fell in a comfortable range. Since the thermal comfort is described by different indexes, a link is required between indexes and general thermal comfort. Therefore, to evaluate the thermal comfort for the entire car cabin we need to develop the thermal comfort index for all the occupants. General thermal comfort index (GTCI) serves the purpose by specifying target and global values, a detailed description can be found in [32] . The global value for the predicted mean vote, PMV G , mPMV G and equivalent temperature defined by Equations (17)- (19) expresses how close we are to the thermally neutral conditions. Computing these values we could predict whether the comfort has been achieved or not.
EQT G = |EQT|.
While PPDG is calculated using Equation (20);
As per definition, thermal comfort is achieved when 80% of the occupants are satisfied, which means PPD is 20%. Therefore, calculating the PPD G we had 0.6. Defining. Defining the target values for PMV, mPMV to be 0.85 and EQT to be 1, respectively. These values represent the thermal neutral conditions for GTCI. GTCI tells us whether or not we have obtained thermal comfort for all the passengers. GTCI is presented in the form of a radar type graph and is constructed from evaluated global and target values. The closer is the global values to the defined target values; the better is the thermal comfort for all the occupants. Figures 10 and 11 provide a pictorial view to assess the thermal comfort for all the occupants. Computed values from Fanger's and the modified Fanger's models To calculate thermal comfort for the entire cabin area equivalent temperature evaluation, PMV, mPMV and PPD can be summed up using a general thermal comfort index. Environmental thermal satisfaction is computed by iteratively solving Fanger's model and the modified Fanger's model equations. The predicted results from each model fell in a comfortable range. Since the thermal comfort is described by different indexes, a link is required between indexes and general thermal comfort. Therefore, to evaluate the thermal comfort for the entire car cabin we need to develop the thermal comfort index for all the occupants. General thermal comfort index (GTCI) serves the purpose by specifying target and global values, a detailed description can be found in [32] . The global value for the predicted mean vote, PMV G , mPMV G and equivalent temperature EQT G defined by Equations (17)- (19) expresses how close we are to the thermally neutral conditions. Computing these values we could predict whether the comfort has been achieved or not.
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As per definition, thermal comfort is achieved when 80% of the occupants are satisfied, which means PPD is 20%. Therefore, calculating the PPD G we had 0.6. Defining. Defining the target values for PMV, mPMV to be 0.85 and EQT to be 1, respectively. These values represent the thermal neutral conditions for GTCI. GTCI tells us whether or not we have obtained thermal comfort for all the passengers. GTCI is presented in the form of a radar type graph and is constructed from evaluated global and target values. The closer is the global values to the defined target values; the better is the thermal comfort for all the occupants. Figures 10 and 11 provide a pictorial view to assess the thermal comfort for all the occupants. Computed values from Fanger's and the modified Fanger's models were satisfactory in terms of thermal comfort. However, the modified Fanger's model was 12% more sensitive, as it could be judged from the graph area.
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Conclusions
Understanding the thermal environment of the car is the key to achieving acceptable thermal comfort level. The significant findings of the current study are:

Thermal sensation inside a passenger car was assessed using a general thermal comfort index. The general thermal comfort index is a new method to link the available thermal comfort models, which helps to predict how close we are to target conditions for cabin thermal comfort.  3D numerical simulations with solar radiation effects showed inhomogeneous airflow distribution particularly for the early 1200 seconds of the cooling down period but a steady-state distribution for velocity and temperature was observed afterward. Console temperature decreased very slowly because of solar radiation acting directly. 
The conventional ventilation scheme study revealed that the airflow generated from the center and side air-conditioning vents were strongly deflected near the driver's body resulting in complex motion with high flow mixing. The velocity of air is a key parameter influencing airflow patterns. 
The computed index revealed that although the equivalent temperature model surpassed the other models, because of the homogenous assumption limit in later, Fanger's model and modified Fanger's model provided satisfactory results in terms of thermal comfort index. were satisfactory in terms of thermal comfort. However, the modified Fanger's model was 12% more sensitive, as it could be judged from the graph area. 
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Conclusions
• Thermal sensation inside a passenger car was assessed using a general thermal comfort index. The general thermal comfort index is a new method to link the available thermal comfort models, which helps to predict how close we are to target conditions for cabin thermal comfort. • 3D numerical simulations with solar radiation effects showed inhomogeneous airflow distribution particularly for the early 1200 seconds of the cooling down period but a steady-state distribution for velocity and temperature was observed afterward. Console temperature decreased very slowly because of solar radiation acting directly.
•
The conventional ventilation scheme study revealed that the airflow generated from the center and side air-conditioning vents were strongly deflected near the driver's body resulting in complex motion with high flow mixing. The velocity of air is a key parameter influencing airflow patterns.
The computed index revealed that although the equivalent temperature model surpassed the other models, because of the homogenous assumption limit in later, Fanger's model and modified Fanger's model provided satisfactory results in terms of thermal comfort index. However, the modified Fanger's model was 12% more sensitive when evaluated using general thermal comfort index.
